The foxglove aphid, *Aulacorthum solani* Kaltenbach (Hemiptera: Aphididae), originates from Europe and has become a cosmopolitan pest ([@CIT0008]). It attacks many commodities such as soybeans in Korea and Japan ([@CIT0061]), lettuce in South America ([@CIT0010]), and greenhouse peppers in Spain ([@CIT0047]). In northeastern America, the foxglove aphid is a growing problem in horticulture ([@CIT0024]). The foxglove aphid is quite polyphagous and capable of attacking many mono and dicotyledonous plant species, greenhouse vegetables, and floriculture plants ([@CIT0024]). Its toxic salivary excretions lead to the deformation of leaves and fruits ([@CIT0047]), and it can be a viral vector ([@CIT0025], [@CIT0068]). Furthermore, the honeydew produced by the foxglove aphid supports the growth of *Cladosporium*, or fumagine, on leaves which disrupts photosynthesis ([@CIT0044]). As agricultural production for greenhouse ornamentals in northeastern America starts in January and February, the temperature in greenhouses is kept lower to save on heating costs ([@CIT0066]). Contrary to other species of aphids, the foxglove aphid has a high fecundity at 5, 10, and 20°C, where few natural enemies are effective ([@CIT0025]).

Physiology, development, and behavior of insects are strongly linked to temperature ([@CIT0011], [@CIT0064]). Many species of natural enemies do not perform well at lower temperatures due to effects on development time, longevity, mortality, and reproduction ([@CIT0031]). Rearing method at optimal temperatures could be one explanation as this selects for individuals adapted to higher temperatures. For example, a study by [@CIT0056] has shown that cold acclimation of *Adalia bipunctata* L. (Coleoptera: Coccinellidae) may increase biocontrol efficiency but reduces pupal survival and heat tolerance. In a study done by [@CIT0019], it was shown that aphid predation was greater for *Orius majusculus* (Heteroptera: Anthocoridae) when reared at 20°C and lower when reared at 12°C ([@CIT0019]).

Most commercially available biological control agents are ineffective against the foxglove aphid at low temperatures ([@CIT0023]). *Aphidoletes aphidimyza* Rondani (Diptera: Cecidomyiidae) becomes less efficient against this pest when temperatures are below 20°C in horticultural greenhouses ([@CIT0003], [@CIT0032]). Commercially available ladybirds are not the best predators at low temperatures, with their optimal temperatures sitting higher at 23--27°C for *Ad. bipunctata* ([@CIT0022]) and 29°C for *Hippodamia convergens* Guérin-Méneville (Coleoptera: Coccinellidae) ([@CIT0041]). Other common predators such as *Ad. bipunctata* ([@CIT0051]) and *H. convergens* ([@CIT0029]) consume few aphids when temperatures fall below 15°C. Lacewings such as *Chrysoperla rufilabris* Burmeister or *Chrysoperla carnea* Stephens (Neuroptera: Chrysopidae), which are normally used as predators in temperatures ranging from 12 to 35°C, do not pupate as well in greenhouse environments and show cannibalistic behaviors ([@CIT0023]). Currently, in Québec, *Aphidius ervi* Haliday (Hymenoptera: Braconidae) is only used when temperatures during the day are above 20°C and above 18°C at night. Wild populations of *Ap. ervi* fly around 15°C despite the fact that they can oviposit at temperatures above 10°C ([@CIT0031]); however, no such data exists on commercial populations. As discussed previously, mass reared individuals at optimal temperatures might not perform as well as at low temperatures. In greenhouses, *Ap. ervi*'s behavior increases the dropping frequency of the foxglove aphid, therefore leading to a higher dispersion of the pest ([@CIT0017]). Furthermore, *Ap. ervi* is commonly used for the control of *A. solani* in glasshouses, but aphid control is often disrupted by hyperparasitoids ([@CIT0045]). Although there has been a study on the parasitoid *Praon volucre* (Haliday) (Hymenoptera: Braconidae: Aphidiinae) in Brazil against the foxglove aphid, it was done at higher temperatures (18, 20, 22, 24, and 26°C; [@CIT0053]). Globally, there is no biological control agent commercially available for use at low temperatures (10--20°C) against the foxglove aphid. Insecticides currently used against aphids in Canada on ornamental crops include Intercept 60 WP (imidacloprid), Endeavor 50 WG (pymetrozine), Dibrom (naled), and Cygon 480 (dimethoate) ([@CIT0040]). In the present study, we evaluated two potential biocontrol agents foxglove aphid.

The first potential biological control agent is the American hoverfly, *Eupeodes (Metasyrphus) americanus* (Wiedemann) (Diptera: Syrphidae). It is a Nearctic species that is widespread across North America ([@CIT0067]) and a generalist aphid predator ([@CIT0046]). The biology of the American hoverfly has not been studied extensively; however, other syrphids that are predators of aphids are active early in the spring and late in the fall when temperatures are lower ([@CIT0062], [@CIT0012]). This is consistent with the thermal development threshold of other syrphid species, which is between 5 and 7°C ([@CIT0020], [@CIT0018]). Syrphidae are well adapted to aphid populations increases early in the season and can detect them before other predators ([@CIT0002]). Many studies have shown that the hoverfly is an effective biological control agent against pests in greenhouses and in the field ([@CIT0034]). At present, no data is available on the thermal development thresholds for this species in particular; however, young larvae consume aphids in Petri dishes kept at 4°C (Y.B., unpublished data).

The second potential biocontrol agent, the silverfly, *Leucopis glyphinivora* Tanasijtshuk (Diptera: Chamaemyiidae), is a Holarctic species, prevalent in the Palearctic region from Spain and France to Israel ([@CIT0006], [@CIT0027]), Middle East ([@CIT0049]), Afghanistan, and the Far East. This species has also been recorded in the Nearctic region in California ([@CIT0028]). *Leucopis glyphinivora* shares the same biology as *Leucopis annulipes* Zetterstedt (Diptera: Chamaemyiidae). Larvae have good mobility and are generalist furtive aphid predators ([@CIT0015]). It has been shown that they consume many species of aphids ([@CIT0049]). The silverfly's development threshold is unknown, but adult *Leucopis pinicola* Malloch (Diptera: Chamaemyiidae) can be found in Northeastern Ohio during the first week of May ([@CIT0054]). We can therefore assume that some species of this genus have a good tolerance to cold. Preliminary observations lead to the belief that the silverfly could be efficient at low temperatures (Y.B., unpublished data).

The aim of the present study was to assess the potential of two new candidate biological control agents, the American hoverfly, *E. americanus*, and the silverfly, *L. glyphinivora*, for the suppression of the foxglove aphid, *A. solani*, at low temperatures. Both species were selected because 1) they belong to a genera and family with low thermal thresholds, 2) they are polyphagous, 3) they are indigenous (or were naturalized a long time ago), and 4) it is possible to rear them in a laboratory. Active flight, female oviposition, and larval voracity for both predators were evaluated and compared at low temperatures.

Materials and Methods {#s1}
=====================

Insect Rearing {#s2}
--------------

All insect rearings were carried out at the Université du Québec à Montréal (UQÀM) in the Laboratoire de Lutte Biologique. Foxglove aphids (*A. solani*) were provided by Dr. Rose Buitenhuis for the Vineland Research and Innovation Center, Vineland Stations, ON, Canada. Insects were reared on Aristotle green pepper plants, *Capsicum annuum* L. (Solanaceae) in a 35 × 35 × 35 cm cage kept in a growth chamber at 18°C, with a 16:8 (L:D) photoperiod and 60% relative humidity (RH).

Hoverfly (*E. americanus*) rearings were established from at least 100 individuals collected on *Phlox* sp. in Sainte-Agathe-de-Lotbinière (N 46° 23′ 726″, W 71° 21′ 446″), QC, Canada, in 2014. Rearing of individuals is based on the Frazer method ([@CIT0014]). Adults were kept in a 81 × 53 × 60 cm rearing cage covered in muslin which was kept in a greenhouse at 22°C during the day, 19°C at night and at 60% RH. Inside the rearing cage, a single flowering plant of sweet alyssum, *Lobularia maritima* L. (Brassicaceae), was kept in a 10 × 10 cm plastic pot and replaced when necessary. Adults were fed with a sugar:water mixture (1:10 v/v) in a solo cup with a dental cotton roll protruding from the lid and with an artificial flower consisting of a round cotton makeup remover saturated with a honey:water mixture (1:2 v/v) and covered with wildflower bee pollen. These were replaced twice a week. Green pepper plants, *C. annuum*, infested with foxglove aphids were introduced into the rearing cage three times a week to allow oviposition. The eggs were collected by cutting the area of the leaf where they were laid then placed inside Petri dishes on top of round cotton makeup removers dampened with water. Petri dishes were kept in a refrigerator at 4°C, 60% RH, and larvae were collected once a week. Larvae were transferred in the same type of cages as the foxglove aphids and put in a growth chamber set at 24°C, 16:8 (L:D), and 70% RH. These cages contained potato plants, *Solanum tuberosum* L. (Solanaceae), infested with green peach aphids, *Myzus persicae* Sulzer (Hemiptera: Aphididae). Adults that emerged from the cages were then collected and introduced in the rearing cage kept in the greenhouse as described previously. Rearings were refreshed yearly with new wild individuals to keep genetic variability sufficient.

Silverfly (*L. glyphinivora* Tanasijtshuk) rearings were established from at least 100 individuals collected on apple trees located in Montreal (N 45° 51′, W 73°56′), QC, Canada, in 2009. Identification was done by Dr. Stephen D. Gaimari from the California Department of Food and Agriculture, Sacramento, CA. Captured individuals were reared on potato plants inoculated with *M. persicae* following the methodology by [@CIT0016]. Rearings were also refreshed yearly with new wild individuals. The colony was maintained in the same type of cages as the green peach aphids and kept in the same growth chamber as the hoverflies. Individuals were fed with a sugar:water mixture (1:10 v/v) in a solo cup and with an artificial flower as described previously and brewer's yeast. These were replaced twice a week. Solo cup plastic lids were also covered with dry brewer's yeast and replaced once a week.

Experiment on Active Flight Capacity at Low Temperatures {#s3}
--------------------------------------------------------

Active flight capacity can be defined as when an insect moves its wings to achieve displacement ([@CIT0009]). This capacity was compared between the American hoverfly and the silverfly at 12, 15, and 18°C. At each temperature, a minimum of 16 males and 16 females aged of 18--36 h from each species were individually placed in the center of a 30 × 30 × 27 cm Plexiglas box with two 16 × 16 cm openings. The box was placed in a Conviron growth chamber, Model E15 at 700 LUX and 60% RH. A HOBO Data Logger Pro v2 Internal Temperature/Relative Humidity Data Logger (Model U23-001) was then used to measure the temperature inside the box. Insects were acclimated before starting the test by individually placing them in film canisters for at least 30 min outside of the test box. After this period, the canisters were placed inside the test box and then opened. Each individual was observed for a period of 10 min. The presence or absence of active flight, as well as the delay from introduction of the insect in the box to the observation of active flight, was noted. The duration of flight was not recorded because it was not of interest to us but rather the capacity to fly. The average temperature was 17.9 ± 0.5°C for tests at 18°C, 14.6 ± 0.5°C for tests at 15°C, and 11.8 ± 0.6°C for tests at 12°C.

Experiment on Oviposition at Low Temperatures {#s4}
---------------------------------------------

The number of eggs laid by American hoverfly and silverfly females was measured at 12, 15, and 18°C. At each temperature, 20 females and 20 males from each species aged less than 24 h were collected from the colony established in the laboratory. To evaluate the age of individuals, larvae were introduced in cages with potato plants and *M. persicae* only. The cages were followed daily and any individuals that emerged within a 24-h period were used for testing. One male and one female were introduced in a 45 × 18 cm transparent plastic cylinder with a muslin lid and two 12 × 12 cm ventilated windows. Each cylinder contained a green pepper plant with six to eight leaves inoculated with 200 foxglove aphids of different stages, collected with an aspirator. Adults were fed with a sugar: water mixture (1:10 v/v) in a solo cup and with an artificial flower as described previously. For silverflies, a mixture of brewer's yeast and water (1:3) was added to the round cotton makeup remover and a solo cup lid filled with dry brewer's yeast was placed at the bottom of the green pepper plant. White sugar was also put on the cylinder lids and vaporized with water twice a day. The cylinders were placed in a Conviron growth chamber for 7 d at 12, 15, and 18°C and 14 d at 12°C, 16:8 (L:D), 50% RH. Oviposition was evaluated only for 7 d and not for the life's duration because our objective was to evaluate if hoverflies were able to oviposit at 12, 15, and 18°C. Extending the duration of the test, especially at 18°C, would have led to plant collapse by creating unsustainably large aphid populations. Test length was extended to 14 d at 12°C to account for any prolongation of egg maturation at this temperature. The number of eggs laid and the number of larvae on the plant were counted at the end of each trial, with larvae being counted as eggs for analyses. A HOBO Data Logger was used to measure the temperature inside the growth chamber, and temperature was attributed randomly to each growth chamber at each repetition.

Experiment on Larval Voracity at Low Temperatures {#s5}
-------------------------------------------------

The number of aphids consumed by American hoverfly and silverfly larvae was calculated at 12, 15, and 18°C, 16:8 (L:D), 50% RH. Green pepper plants with six to eight leaves were individually placed in the same type of cylinders described earlier for the egg-laying tests. Thirty second-instar foxglove aphids from the laboratory colony were collected with an aspirator and placed on each green pepper plant. The test was divided into three treatments. In the first two treatments, a stage I larva of each species was introduced into the cylinders. The first treatment introduced the American hoverfly, and the second treatment introduced the silverfly. The third treatment was to be used as a control where no larvae were introduced into the cylinders. For each treatment, there were 30 replicates. To compare the development of the larvae with that of the foxglove aphids, the duration of the test for each temperature was set to correspond to the time required for the accumulation of 75 degree-days (DD) by the aphid (under a threshold of 3°C). Cylinders were put inside a Conviron growth chamber for 5 d at 18°C, 6 d and 6 h at 15°C, and 8 d and 8 h at 12°C. A HOBO Data Logger was used to measure the temperature inside the growth chamber, and temperatures were randomly assigned to each growth chamber. For all tests, if the temperatures measured varied ≥1°C from the required temperature, the trial was discarded. If mortality was greater than 10% in controls for any given replicate, it was discarded. At the end of each test, the number of living aphids was calculated as such: initial density (30 aphids) − number of living aphids. If a larva was feeding on an aphid at the moment of data collection, it was considered as dead. Daily consumption was also calculated as follows: total consumption/duration of the test according to the temperature tested for.

Statistical Analyses {#s6}
--------------------

For all experiments, statistical analyses were performed with the statistical package JMP 12 ([@CIT0048]). For trials on active flight capacity at low temperatures, a log-likelihood ratio test was done following a chi-square test to compare proportions of individuals that exhibited flight at all temperatures. A two-way analysis of variance (ANOVA) was used for the temperature factor and the repetition factor. Males and females for both the American hoverfly and the silverfly were compared; no significant differences were observed; therefore, the data were grouped. For average delay in seconds before active flight, only insects that demonstrated active flight were considered. A Tukey's HSD test was used to identify treatments that were significantly different from each other. For trials on total aphid consumption and for daily aphid consumption, an ANOVA was performed and blocks were compared among themselves for the same temperature. There was no significant difference between blocks for the two species studied therefore the data was grouped. For the experiment on egg-laying at low temperatures, a multiple linear regression was used to compare proportions of females that laid eggs at all temperatures. An ANOVA was performed to analyze the average number of eggs laid by females at each temperature for both test trial lengths (7 and 14 d). A Tukey's HSD test was used to identify which treatments were significantly different from each other. Assumptions for parametric analyses were fulfilled following a Shapiro--Wilk test of normality (*P* \> 0.05); no transformations were required.

Results {#s7}
=======

Active Flight Capacity at Low Temperatures {#s8}
------------------------------------------

All American hoverflies demonstrated active flight at 18°C, 88.7% of individuals could fly at 15°C, and only 14.5% could fly at 12°C. For the silverfly, 88.7% demonstrated active flight at 18°C, 24.1% at 15°C, and 7.8% at 12°C ([Fig. 1a](#F1){ref-type="fig"}). The proportion of hoverflies that demonstrated active flight was greater than the proportion of silverflies that flew at temperatures of 18°C (χ^2^ = 10.411, df = 1, *P* = 0.00131) and 15°C (χ^2^ = 57.805, df = 1, *P* \< 0.0001). There was no difference between the two species at 12°C (χ^2^ = 1.261, df = 1, *P* = 0.2614).

![Percentage (+SE) of individuals having demonstrated active flight (a) and average delay (+SE) in seconds before active flight (b) at 12, 15, and 18°C after a 10-min observation period for the American hoverfly, *Eupeodes americanus* (*n* = 69 at 18°C, *n* = 71 at 15°C, *n* = 62 at 12°C) and the silverfly, *Leucopis glyphinivora* (*n* = 53 at 18°C, *n* = 54 at 15°C, *n* = 51 at 12°C). Treatments with a different letter and an asterisk are significantly different (ANOVA, *P* \< 0.05). Uppercase letters are for the American hoverfly, and lowercase letters are for the silverfly.](iey13001){#F1}

Delays before active flight varied according to all three temperatures for the American hoverfly (*F*~2,\ 141~ = 15.6, *P* \< 0.01) and the silverfly (*F*~2,\ 64~ = 18.8, *P* \< 0.01; [Fig. 1b](#F1){ref-type="fig"}). No significant difference was observed between the two species at 12°C (*F*~2,\ 13~ = 11.5, *P* = 0.57), 15°C (*F*~2,\ 76~ = 11.5, *P* = 0.63), and 18°C (*F*~2,\ 116~ = 11.5, *P* = 0.99).

Oviposition at Low Temperatures {#s9}
-------------------------------

Only the tests where the female was still alive at the end of each trial were considered. Mortality for female hoverflies was 13% (after 7 d) and 24% (after 14 d) at 12°C, 13% at 15°C, and 19% at 18°C. Mortality for female silverflies was 6% (after 7 d) and 4% (after 14 d) at 12°C, 7% at 15°C, and 5% at 18°C. Temperature significantly influenced the proportion of female hoverflies and silverflies that laid eggs on the plant after 7 d (*R*^2^ = 0.9935, df = 1, *P* \< 0.01). No female silverfly laid eggs at 12°C after 7 d. The proportion of hoverflies having laid eggs is at least four times as high as the proportion of silverflies that oviposited at 15°C ([Fig. 2](#F2){ref-type="fig"}).

![Percentage of females having laid eggs over a period of 7 d for the American hoverfly, *Eupeodes americanus* (*n* = 24 at 18°C, *n* = 30 at 15°C, *n* = 59 at 12°C) and the silverfly, *Leucopis glyphinivora* (*n* = 35 at 18°C, *n* = 34 at 15°C, *n* = 46 at 12°C). Treatments with a different letter and an asterisk are significantly different (ANOVA, *P* \< 0.05). Uppercase letters are for the American hoverfly, and lowercase letters are for the silverfly.](iey13002){#F2}

The average number of eggs laid by female hoverflies after 7 d varied significantly according to temperature (*F*~2,\ 112~ = 80.03, *P* \< 0.01, [Fig. 3a](#F3){ref-type="fig"}). The hoverfly significantly laid more eggs than the silverfly at 18°C (*F*~2,\ 59~ = 90.70, *P* ≤ 0.01), 15°C (*F*~2,\ 64~ = 90.70, *P* ≤ 0.01), and 12°C (*F*~2,\ 105~ = 90.70, *P* ≤ 0.01).

![Average number of eggs (+SE) laid by female American hoverflies, *Eupeodes americanus* (*n* = 24 at 18°C, *n* = 30 at 15°C, *n* = 59 at 12°C) and silverflies, *Leucopis glyphinivora* (*n* = 35 at 18°C, *n* = 34 at 15°C, *n* = 46 at 12°C) over a period of 7 d at 12, 15, and 18°C (a) and over a period of 7 and 14 d (*n* = 20 for *E. americanus* and *n* = 33 for *L. glyphinivora*) at 12°C (b). Treatments with a different letter and an asterisk are significantly different (ANOVA, *P* \< 0.05).](iey13003){#F3}

After giving females of both species an additional period of 7 d (14 d total) that did not lay any eggs after 7 d at 12°C, the average number of eggs laid significantly increased from 11.6 to 101 for the hoverfly (*F*~2,\ 79~ = 49.3310, *P* \< 0.01), but the difference from 0 to 1.33 for the silverfly was not as significant (*F*~2,\ 79~ = 49.3310, *P* = 0.99, [Fig. 3b](#F3){ref-type="fig"}). The average number of eggs laid by the American hoverfly was significantly greater than the silverfly after 7 d (*F*~2,\ 105~ = 84.73, *P* \< 0.01) and 14 d at 12°C (*F*~2,\ 53~ = 53.12, *P* \< 0.01). Finally, at 12°C, the average number of eggs laid by female hoverflies after 14 d was significantly greater than the average number of eggs laid by female silverflies after 7 and 14 d (*F*~2,\ 79~ = 49.3310, *P* \< 0.01).

Larval Voracity at Low Temperatures {#s10}
-----------------------------------

Daily consumption of aphids by silverfly increased with temperature, from 1.92 at 12°C to four aphids per day at 18°C. The highest daily consumption for the hoverfly was 5.8 aphids per day at 18°C followed by 4.8 aphids per day at 15°C and 3.6 aphids per day at 12°C ([Fig. 4a](#F4){ref-type="fig"}). Average daily aphid consumption was at least two times greater for the hoverfly when compared with the silverfly (*F*~2,\ 239~ = 175.55, *P* \< 0.01). Daily aphid consumption was significantly greater for the hoverfly when compared to the silverfly at 18°C (*F*~2,\ 83~ = 235.05, *P* \< 0.01), 15°C (*F*~2,\ 73~ = 235.05, *P* \< 0.01), and 12°C (*F*~2,\ 83~ = 235.05, *P* \< 0.01).

![Average daily consumption (a) and average total consumption (b) of foxglove aphids (+SE) by American hoverfly, *Eupeodes americanus* (*n* = 32 at 18°C, *n* = 32 at 15°C, *n* = 32 at 12°C) and silverfly, *Leucopis glyphinivora* (*n* = 51 at 18°C, *n* = 41 at 15°C, *n* = 51 at 12°C) larvae. Treatments with a different letter and an asterisk are significantly different (ANOVA, *P* \< 0.05).](iey13004){#F4}

Total aphid consumption, when the duration of the tests was equal to a 75 DD development for the aphid, was significantly higher for the American hoverfly at all temperatures and was at least three times greater than the silverfly (*F*~2,\ 239~ = 166.13, *P* \< 0.01, [Fig. 4b](#F4){ref-type="fig"}). Total aphid consumption was significantly greater for the hoverfly when compared with the silverfly at 18°C (*F*~2,\ 83~ = 222.38, *P* \< 0.01), 15°C (*F*~2,\ 73~ = 222.38, *P* \< 0.01), and 12°C (*F*~2,\ 83~ = 222.38, *P* \< 0.01).

Discussion {#s11}
==========

In accordance with to what occurs with most invertebrates, performances of both the American hoverfly and the silverfly were negatively affected at low temperatures. However, although the silverfly is clearly not an adequate potential biological control agent against the foxglove aphid at low temperatures, the American hoverfly demonstrated a high potential and should be considered for testing its efficacy in commercial cropping systems in North America.

This is the first study to look at the efficiency of the American hoverfly against the foxglove aphid in terms of active flight, oviposition, and voracity at low temperatures. Hoverflies were more efficient in terms of active flight at low temperatures when compared with silverflies. They are also the only predator currently employed for the control of *M. persicae* on peach trees in the Yakima Valley, WA, in September and October when temperatures were lower ([@CIT0062]).

Considering oviposition performance, the delay before ovarian or egg maturation may be longer at 12°C, which may explain why females of both species laid a higher number of eggs after 14 d compared with 7 d. During this study, mating capacity was also evaluated alongside egg-laying capacity, as virgin predators were used for measuring fecundity.

Considering larval voracity, American hoverfly larvae consumed almost three times more aphids at all temperatures when compared with the silverfly. At the end of each test, hoverfly individuals were still at the third larval stage. Of the three larval stages, more than 80% of consumption is done at the third larval stage for Syrphidae in general ([@CIT0050]). [@CIT0021] had shown that larvae of different syrphid species have a daily aphid consumption rate higher than other groups of aphidophagous predators. Moreover, lifetime larval consumption was greater at lower temperatures for the hoverfly *Melangyna viridiceps* Macquart and *Symosyrphus grandicornis* Macquart ([@CIT0055]) and *Syrphus ribesii* L. (Diptera: Syrphidae) ([@CIT0059]) due to longer development time at cooler temperatures. We should therefore expect similar results with *E. americanus*. In this study, daily aphid consumption corresponding to an accumulation of 75 DD for aphids neither decreased or increased at all temperatures tested for both the American hoverfly and the silverfly. Thus, the impact of the predator was the same, regardless of drops in temperature, according to a standardized development time of the focal pest.

The silverfly, while not as efficient at low temperatures against the foxglove aphid, might still be an interesting candidate biological control agent for greenhouse vegetables at higher temperatures. The silverfly is a furtive predator, meaning that it can develop within an aphid colony and generate a lesser number of defensive behaviors within these colonies ([@CIT0015]). This type of furtive behavior also generates a dilution effect ([@CIT0035]) and a selfish herd effect ([@CIT0013]), which decrease intraguild predation on the furtive predator. Because the silverfly is less vulnerable to intraguild predation due to dilution and the selfish herd effect, it may be successfully used jointly with other biocontrol agents. Also, some species of the *Leucopis* Meigen genus are efficient in glasshouse environments ([@CIT0016]) and prey upon numerous aphid species in around 20 genera ([@CIT0049]).

Other biocontrol agents have been tested against aphids at low temperatures. A similar study by [@CIT0031] done in Belgium evaluated the oviposition (2, 4, 6, 8, 10, 15, and 20°C) and flight (10, 12, 14, and 16°C) in opaque cylinders of four parasitoid species (*Aphidius rhopalosiphi*, *Ap. ervi*, *P. volucre*, and *P. gallicum*). Another approach for controlling aphids at low temperatures could be the use of generalist predators, such as mirid predatory bugs ([@CIT0039]), that can survive well in the absence of aphids and at low temperatures. This enables them to respond faster to new aphid colonies than syrphids, which need to first oviposit, and in cases of low temperatures, require additional days before the eggs hatch and predation can begin. The constraint is that in Canada, only a single mirid species, *Dicyphus hesperus*, is available commercially to control whiteflies ([@CIT0037]), thrips ([@CIT0052]), and the green peach aphid ([@CIT0036]).

According to the present results, it remains difficult to assess the potential of the hoverfly in glasshouses based on tests in small cages and cylinders. Nevertheless, in the study presented previously ([@CIT0031]), trends in the results obtained in cylinders (flight and oviposition activities) were confirmed in real conditions. There is still much more work to be done before commercialization. First, to validate the potential of the syrphid at low temperatures in commercial greenhouses, the RH must also be considered. For example, Braconidae were studied under constant temperatures and varying levels of RH, and it was observed that under high RH, flight capacity increased ([@CIT0001]). Furthermore, it would be relevant in future studies to compare the effect of RH on oviposition of different sized auxiliaries such as the American hoverfly and the silverfly. [@CIT0057] established that reproductive success of smaller insects was affected negatively by low humidity. RH has also been shown to affect performance and developmental time of immature stages of *Sphaerophoria rueppellii* Wiedemann (Diptera: Syrphidae) ([@CIT0004]). Finally, since [@CIT0026] demonstrated that only extremes of RH cause drastic reductions in the flight activity of biological control agents such as parasitic wasps, we can expect that the efficiency of the hoverfly should not be potentially affected in commercial greenhouses.

Second, the present study did not look at oviposition responses to aphid colony sizes as [@CIT0060] have done for *Episyrphus balteatus* De Geer (Diptera: Syrphidae). Studying aphid density thresholds for the American hoverfly would allow us to better understand syrphid oviposition mechanisms and the way they can contribute to lowering foxglove aphid populations ([@CIT0060]). As was done in a study by [@CIT0031] on oviposition at low temperatures of four aphid parasitoid species, it would also be interesting to look at offspring survival and sex ratios, the influence of male densities on female oviposition, as well as sperm fitness (see [@CIT0031] for four aphid parasitoid species).

Third, the efficacy of the hoverfly in a real commercial greenhouse environment must be evaluated. Preliminary results confirm the potential of the American hoverfly against the foxglove aphid on a larger scale. With these results, we will be able to estimate the time needed for aphid control at low temperatures when larvae or pupae are introduced in the system. Similar hoverflies such as *Ep. balteatus* and *S. rueppellii* have already been commercialized in Europe by Biobest Belgium NV. *Episyrphus balteatus* is also produced by Koppert Biological Systems (The Netherlands). However, both *Ep. balteatus* ([@CIT0042]) and *S. rueppellii* ([@CIT0005]) are Palearctic species native to Europe and Northern Asia. *Episyrphus balteatus* has been shown to prey upon *Sitobion avenae* (F.) (Hemiptera: Aphididae) (17°C), *Metopolophium dirhodum* (Walker) (Hemiptera: Aphididae) (14 and 17°C), as well as *Aphis fabae* (Scopoli) (Hemiptera: Aphididae) (15°C) ([@CIT0065]). As for *S. rueppellii*, there is little information on the larval performance at low temperatures. However, adults are known to be active between 12 and 40°C, with an optimal range of 25--35°C (Biobest Canada Ltd.).

Finally, this study brings new knowledge on two species of candidate biological control agents that could be interesting for biological control programs. The ultimate step leading to commercialization depends on many other aspects such as host location, dispersal, rearing difficulties as well as costs for mass production, market value, and efficacy in commercial cropping systems ([@CIT0063]). The application of biological control has yet to be increased ([@CIT0033]), the diversity of wild biocontrol agents is underutilized, and an important gap remains to be filled ([@CIT0043]).

Data Availability {#s12}
=================
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